The variety of theories that have attempted to defime the mechanisms of aging and life span can be broadly divided into two alternative but nonexclusive viewpoints. The fitrst stipulates that random changes of cellular and molecular structures lead to death following progressive "wear and tear." The second argues that life span is, at least in part, genetically programmed, and therefore aging may also result from time-dependent intrinsic processes. Here we demonstrate that ramets (clonal replicates) experimentally separated from colonies of the ascidian protochordate BobyUus schlosseri died months after their separation, almost simultaneously with their parent colony and sibling ramets. In addition, in experimentally joined chimeras between ramets of senescent and nonsenescent colonies, elements from different parent colonies displayed parent-colony-specific timing of mortality. Thus, the senescent phenotype was simultaneously expressed both in chimeras and in unfused ramets of the parent colony that was undergoing senescence, whereas control ramets from the other partner survived. These rmdings provide experimental evidence for a heritable basis underlying mortality in protochordates, unlinked to reproductive effort and other life history traits of this species.
genetically programmed, and therefore aging may also result from time-dependent intrinsic processes. Here we demonstrate that ramets (clonal replicates) experimentally separated from colonies of the ascidian protochordate BobyUus schlosseri died months after their separation, almost simultaneously with their parent colony and sibling ramets. In addition, in experimentally joined chimeras between ramets of senescent and nonsenescent colonies, elements from different parent colonies displayed parent-colony-specific timing of mortality. Thus, the senescent phenotype was simultaneously expressed both in chimeras and in unfused ramets of the parent colony that was undergoing senescence, whereas control ramets from the other partner survived. These rmdings provide experimental evidence for a heritable basis underlying mortality in protochordates, unlinked to reproductive effort and other life history traits of this species.
The colonial ascidian Botryllus schlosseri (Tunicata, Ascidiacea) is a cosmopolitan filter-feeding metazoan inhabitant of shallow waters and harbors throughout the world (1) . Following settlement, the free-swimming chordate tadpole metamorphoses to a founder individual, the oozooid. Colonies of genetically identical zooids subsequently develop by weekly cycles of asexual budding (blastogenesis), typically forming star-shaped modules called systems, which are embedded in a translucent, gelatinous matrix (tunic) (2) . A common vascular network flows between systems comprised of blood vessels connecting individual zooids and terminating into ampullae at the periphery of the colony. Each blastogenic cycle culminates in a phase of programmed cell and module (zooid) death called takeover, in which all zooids in a single colony die and are replaced by a new generation ofzooids (3) . Botryllid ascidians possess, as well, a unique histocompatibility system. When two genotypically different laboratory or field colonies come in contact, they either fuse with or reject each other (4) . This fusibility/histocompatibility discrimination is controlled by a single gene locus or haplotype (Fu/HC; ref. 5 ) with multiple codominantly expressed alleles (6, 7) . After the establishment of a common vascular system between a fusible pair reared in the laboratory, one member of the chimera often is resorbed by its partner (colony resorption) (8) (9) (10) .
During the course of experiments using animals born and reared in the laboratory (11, 12) In zooids of nonsenescent colonies, blood cells were confined to the blood space separating the epidermis from the perivisceral epithelium and to the blood lacunae of the viscera (Fig. 1C) . During senescence, the perivisceral epithelium gradually degenerated, allowing the influx of blood cells and dying tissues into the peribranchial cavity (Fig. 1D) Table 1 and Fig. 2A , whereas the remainder, exhibiting nonrandom mortality (P < 0.05), are presented in Fig. 2B . These results may also be expressed graphically in terms of the standard deviation as a function of the mean life span of ramets. The data shown in Fig. 3 demonstrate that in 17 of the 41 subcloned colonies (41.5%, P < 0.05; Fig. 2B ) ramets displayed nonrandom mortality; the "within-genet" variation in life span was significantly smaller than genet-togenet variation. Our results fell into a bimodal distribution, with some overlap between nonrandom and random mortality. Interestingly, even some of the statistically random colonies showed clustered mortality (e.g., nos. 7, 32, and 112 in Fig. 2A ). Most strikingly, the low mode of variation was concentrated in those genets with either low or high mean ramet life spans (Fig. 3) . Furthermore, in several colonies (nos. 53, 63, 104, 115, and 183 in Fig. 2B 1 . The morphology of senescence in B. schlosseri. Nonsenescent (A, C, and E) and senescent (B, D, and F) ramets from the same genet were processed for histological sectioning and also for immunohistochemical staining with a monoclonal antibody specific to the perivisceral epithelium ofbotryllid ascidians (B3F12.9). The nonsenescent ramet died 12 days later. (A and B) Depiction ofthe colonial morphology of normal and senescent zooids (and buds), respectively, in the active feeding phase ofblastogenesis. Note the constriction and congestion ofblood vessels in the senescent colony. Zooid morphology and configuration of star-shaped systems are also greatly altered in the latter. (C and D) Depiction of the histological architecture of normal and senescent zooids, respectively, stained with toluidine blue. Note the generalized visceral necrosis (arrowheads) and blood cell congestion in the lacunae and peribranchial cavity of senescent zooios. The perivisceral epithelium is also undergoing degenerative changes: it swells and loses its squamous morphology (compare C and D). (E and F) Depiction of immunohistochemical profiles of normal and senescent zooids, respectively, as determined by immunofluorescence microscopy. The B3F12.9 monoclonal antibody localizes to the surface of all blood cells and to the extracellular matrix of the perivisceral epithelium (R.J.L., K. J. Ishizuka, and I.L.W., unpublished results). During the growth phase of the asexual cycle, normal zooids display a uniform pattern of staining of the perivisceral epithelium along their anteroposterior axis (arrows in E). On the other hand, senescent zooids exhibit a gradual loss of this staining pattern (arrows in F). bl, Blood lacuna; bK, blood vessel; b, bud; end, endostyle; epi, epidermis; h, heart; int, intestine; pv, perivisceral epithelium; sto, stomach; t, tunic; z, zooid. (A and B, bar = 1 mm; C-F, bar = 100 ,um.) results are shown in Table 2 . Nonrandom mortality was expressed simultaneously in all ramets belonging to the specific genet first undergoing senescence, whether those ramets were growing alone or were combined witi other ramets in chimeras. Both partners of the chimera died at this time, whereas isolated control ramets of the nonsenescent genet survived. In this small sample, the induced mortality correlated with the outcome of colony resorption (5) in two of three sets of experimental chimeras: the ramets of genet 1 determined chimera mortality, although earlier studies on the same pairs of ramets from these two genets had established that colony resorption consistently was ofgenet 2 by genet 1.
In other words, genet 1 dominated genet 2 in these chimeras.
However, ramets from genet 3 resorbed genet 4, and ramets of genet 5 resorbed genet 6; in both instances, the chimera's mortality was determined by its subordinate genet. The only two chimeras in which one partner survived the death of the other (Table 2) were those in which the partners disconnected about 1 month prior to death, thereby precluding colony resorption. Although these experiments do not rule out the possibility that chimeric death resulted from colony resorption, this appears unlikely. The phenotypes of independent senescent subcloned colonies and that of chimeras (data not shown) were identical to other colonies that underwent senescence and died at that time (Fig. 1) ( 0 2 4 6 8 10 12 14 16 18 0 2 4 6 8 10 12 14 16 18 AGE (months) AGE (months) .  FIG. 2 . Longevity of ramets subcloned from four representative colonies ofB. schlosseri undergoing random mortality (A) and the 17 genets expressing nonrandom mortality (B). The colony numbers are marked on the left margins of the lines. The original part of each colony is marked by a thick horizontal line; a ramet subcloned from the original part, by a thin line; and the secondary ramet subcloned from a ramet, by a thinner line. When more than one ramet was subcloned on a given day, their longevities are marked by parallel horizontal lines originating from one perpendicular line. The righthand end of each horizontal line represents the age at death of each ramet derived from a specific genet. Numbers above each colony represent the average age ± SD of all ramets belonging to a specific genet. Levels of significance between the absolute deviations in mortalities of ramets from each genet, compared to the sample mean of the 41 parent genets (see text for further details), are *, P < 0.05; **, P < 0.01; ***, P < 0.001; $, not significant (P > 0.05).
distinguished from those of colony resorption: after resorption, one of the partners survived while the zooids of the other partner were eliminated, and the surviving partner retained the tunic's functional blood vessels and ampullae of the resorbed genet (8) . Senescent chimeras, in contrast, underwent overall collapse as one partner died. DISCUSSION Bancroft (4) originally reported that field colonies of B. schlosseri exhibited a series of regressive changes prior to death, including decreased budding potential and shrinkage of individual zooids. Here, we confirm this observation and in addition show that several morphological characteristics are reproducibly associated with senescent laboratory-reared ramets and vascular chimeras. Most importantly, our findings led us to conclude that in a significant fraction of genets a heritable program readout in all asexually derived ramets may determine the onset of senescence and death in this animal. These experiments do not prove that the heritable trait is transmitted sexually via chromosomal genes. Unfortunately, the onset of senescence precludes further fertility of the genet. Therefore, a prospective mating study will be required to test whether the trait is transmitted from genet to genet in Mendelian fashion, as well as within a genet by asexual proliferation of ramets. Genets undergoing nonrandom (17 of 41 genets; P < 0.05) (e) and random (P > 0.05) (o) mortality were defined as such by using the Mann-Whitney rank sum test to compare absolute deviations within groups of ramets from single genets to the absolute deviations from the sample mean (41 individual genets The time to mortality represents the time from the day the assay was initiated (postfusion in the case of chimeras). The age of each genet (in weeks) when the experiments were initiated is indicated at the bottom of the table. Within the four experimental groups of chimeras, genet 1 resorbed genet 2, genet 3 resorbed genet 4, and genet S resorbed genet 6. In genet 7 and 8 chimeras, the outcome of resorption could not be determined. "G" and "r" are abbreviations for genet and ramet, respectively (e.g., Glr refers to ramets of genet 1). In all four groups, the nonsenescent controls were either used for other experiments not reported in this manuscript or were discarded. *These experimental chimeras disconnected 82 and 93 days postfusion, respectively. The genet 4 partners disconnected and died at 17.5 weeks postfusion, whereas genet 3 partners survived and were followed for an additional period of 8 weeks.
An intriguing result presented here is that, under controlled laboratory conditions, the senescent partner in a chimera between senescent and nonsenescent genets induced mortality in the nonsenescent partner (Table 2 ). These findings suggest that organismal senescence in Botryllus is a dominant trait, independent of reproductive effort. Colonies of B. schlosseri populations from Woods Hole (Massachusetts) may be either semelparous (death occurs immediately after sex) or iteroparous (colonies reproduce several times) (14) . Laboratory and field experiments as well as mating data indicate that there is a genetic component to this life history polymorphism, the traits of which could be transmitted to offspring (14) . The Monterey (California) colonies followed here (controls and clonal replicates) were strictly iteroparous: mortality occurred independently of reproductive output.
Botryllus colonies grow by blastogenesis, which includes a recurrent process of programmed cell death called takeover. This developmentally regulated event involves the simultaneous and selective regression of all "parent" zooids every 6 days at 18°C (2, 3), in turn leaving their asexually budded progeny to mature. Recent findings indicate that the principal mode of cell death during takeover occurs via apoptosis (R.J.L., C. W. Patton, and I.L.W., unpublished results). The morphology and kinetics of cell death within senescent ramets and chimeras reported here were distinct from those occurring in either takeover or colony resorption (R.J.L., unpublished observations). These findings suggest that zooidal life span and colonial life span may be under separate genetic control. Several observations indicate that colonies in field populations of B. schlosseri from Monterey Bay (California) (15) , the Venetian lagoon (Italy) (16) , and the Mediterranean coast of Israel (B.R., unpublished observations) may also exhibit finite life spans. Colonies whose founding larvae settle during the summer live about 3 months and then develop regressive features identical to those described here (15, 16) .
Under laboratory mariculture, the ease with which clonal replicates of Botryllus are obtained may render this colonial ascidian a promising model system in which molecular components regulating mortality and senescence may be characterized. The observation that the majority ofgenets (24 of 41) did exhibit a somewhat random array of deaths suggests that the heritability of senescence could be complex. But this very complexity of control of senescence should be elucidated in genetically inbred lines of B. schlosseri, as these become available.
